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Abstract. An all fiber-optic temperature sensor based on the temperature dependence of
radiation-induced attenuation (RIA) of Ge/P co-doped optical fiber at 850 nm was proposed. The
principle of the sensor was interpreted by the temperature dependence of color center absorption.
Characteristics of the temperature sensor, such as dynamic range, sensitivity, linearity, and
repeatability, were tested and analyzed. The dynamic range of the sensor was -40°C to 60°C, and the
temperature sensibility was 0.1146dB/°C. The nonlinearity error and the repeatability error were
respectively £2.75% and 1.06%.

Introduction

With the development of the fiber-optic technology, fiber-optic temperature sensors are
extensively used in industrial production. Compared with conventional temperature sensing devices,
the fiber-optic temperature sensors have unique advantages: such as immunity to electromagnetic
interferences, high stability, durability against harsh environments, high sensitivity, and so on [1,2].
Many kinds of temperature transducers have been developed based on different technology, like
Fiber Bragg Grating [3], Fabry-Perot interferometers [4], and OTDR fiber-optic sensors [5,6].
According to our previous studies, the irradiated Ge/P co-doped fiber after thermal annealing has the
potential to be used for temperature sensor.

In radiation environment, the attenuation of the optical fiber would increase greatly due to the
formation of color centers, namely the trapping of radiolytic electrons and holes at defect sites in the
fiber [7,8]. Many researches have demonstrated that the radiation-induced attenuation (RIA) in the
optical fiber can be influenced by the temperature, and the RIA of most optical fibers exhibits a
decreasing trend with the increasing temperature in most spectra range, with the exception of P
core-doped fibers [9-14]. Some researchers explain this reverse behavior in P doped fibers by
transforming the phosphorus oxygen hole center (POHC) into the P1 center [15,16]. For the Ge doped
fiber and in the 300~900nm range, the RIA can be interpreted by absorption bands associated with the
following radiation-induced point defects: Ge(1), Ge-NBOHC and GeX [17]. Many color centers,
such as Ge(l), Ge-NBOHC, P1, and POHC, have been identified, and most of them exist in
UV-visible absorption bands [10,17,18]. In [19], it has been mentioned that the color center
absorption influencing the RIA at 1310 nm in the Ge/P co-doped fiber exhibits monotonic and
remarkable temperature dependence. The temperature dependence of the color center absorption is
proposed to explain the RIA behavior at the near infrared wavelengths according to the
configurational coordinate model [20]. As the absorption bands of many radiation-induced defects
are in the ultraviolet and visible ranges and can extend to the near infrared region, the RIA at shorter
wavelength is supposed to be more sensitive to temperature. As previous studies indicate, the RIA of
Ge/P co-doped optical fiber at 850 nm transmission wavelength is more sensitive to temperature than
that at 1310 nm, and the temperature sensitivity and linearity in the fiber irradiated at a higher total
dose are much better [21].
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Therefore, the RIA at 850 nm of the Ge/P co-doped optical fiber irradiated at a total dose of 10,000
Gy was researched for temperature sensing fiber in this paper. And a novel all-fiber temperature
sensor based on the temperature dependence of RIA was put forward.

The Theory of Temperature Sensor

According to what we have known, under thermal excitation, color centers can be annealed by
releasing electrons or holes, which results in a degradation of the RIA. Theoretically, each kind of
color centers has a steady temperature, under which color centers enable to be unchanged and form a
stable light absorption in the optical fiber. Once above its steady temperature, color centers will be
thermally driven annealed or transform into other kinds of color centers due to thermal excitation.
When the number density of each kind of color centers in the optical fiber remains unchanged, the
color center absorption probability and its absorption band shape rely on temperature, which results
in the steady and regular change of the RIA with increasing temperature [10]. According to the steady
temperature dependence stable color centers possessed, this paper investigated a novel fiber-optic
temperature sensor by using the irradiated optical fiber after sufficient annealing.

Configurational coordinate model offers an analysis reference for the temperature dependence of
color center absorption in the optical fiber. It explains how the electron potential energy curves
changes with the varying average position of the electron [22], which is detailedly accounted for in
[22] and [23]. It can be used to analyze the spectrum properties of color centers whose absorption
bands are in Gaussian band shape [23,24].

For Ge/P co-doped optical fiber, the RIA is primarily related to color centers associated with Ge
and P1 at UV and near infrared wavelengths [10,20,25]. In previous investigations, we find that the
RIA spectra can be decomposed into several color center absorption spectra by using the
configurational coordinate model, and in the 800~1600 nm range the RIA spectrum properties of
Ge/P co-doped fibers are found to rely strongly on P1, Ge-NBOHC and GeX centers. Thus, the fitting
function of RIA in Ge/P co-doped fibers can be expressed as formula (1) [20].
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In formula (1), T is temperature which should be lower than the annealing temperature, and £
represents the photon energy. According to the configurational coordinate model, as temperature
increases, the peak E,;, Egex, and Eg..ngonc of the absorption spectrum will shift to lower energy
region (longer wavelength), and the bandwidth w,;, @¢ex, and wge-nsorc Will widen. In addition, the
absorption intensity a,;, dgex, and acge.nporc Will decrease with the temperature increasing [24]. These
changing parameter values with increasing temperature directly reflect the temperature dependent
RIA.

By using formula (1), we simulated the RIA under 7; and 7, (7,<7T>) in the spectral range of
800~1600nm. It is obvious that the values of £ and a under T; are smaller than that under 75, and the
value of w at T} is bigger than that under 7. Table 1 shows the parameter values of P1, Ge-NBOHC
and GeX centers obtained at 20°C [18,20,25,26]. In order to simulate effectively, we suppose two
groups of parameters respectively at 7; and 7, on the basis of the parameter values given in Table 1.
The parameters used to simulate are given in Table 2.

Fig.1 gives the simulated result, which illustrates that the RIA is larger when the temperature is
higher. Besides, the difference between the RIA under 7; and the RIA under 7 is decreasing with the
wavelength increasing. Thus, the RIA at shorter transmission wavelength is more sensitive to
temperature. The simulated result here accords with the experimental result in [21]. The simulation
and previous experiment both indicate that the transmission wavelength of 850 nm is very
appropriate for the temperature sensor.

RIA(E,T) = ay, (T)exp[—( )1+ gy (T) exp[~( (—(E=Eaeamonc (M 4
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Table 1 Main parameter values of P1, Ge-NBOHC and Ge(X) color centers

Color center name E.(eV) wy(eV)
P1 0.765 0.224
Ge-NBOHC 1.97 0.3-0.6
Ge(X) 2.61 0.82
Table 2 Parameter values used to simulate
Color center name [Er1,ET2](eV) [wr1,072](eV) [ar,ar]
Pl [0.766,0.763] [0.212,0.228] [1.242,1.150]
Ge-NBOHC [1.990,1.957] [0.507,0.587] [4.815,4.690]
Ge(X) [2.643,2.590] [0.800, 0.825] [2.061,2.047]
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Fig. 1 Simulated RIA(E,T) at T, and T, (7,<T>) in the spectral range of 800~1600nm.

Experiments and Experimental Results

In the experiments, the Ge/P co/doped optical fiber that was a commercial off-the-shelf (CTOS)
optical fiber was chosen. The core of the optical fiber was Ge/ P co-doped, and the cladding and
coating diameters of the chosen fiber were respectively 80 and 165um.

The testing system of temperature sensor shown in Fig.2 was developed to measure the attenuation
of the Ge/P co-doped fiber. And a temperature controlled chamber was used. The temperature is
measured by digital temperature sensor (DS18b20) whose accuracy is +0.5°C and resolution is
0.0625°C. A super luminescent diode (SLD) with the central wavelength of 850nm was used. The
output optical signal of SLD was separated into two paths. One was used as reference to compensate
for the variations of light intensity which was generated by photoelectric devices. The other was the
temperature sensor head using the irradiated optical fiber. A multi-channel optical power meter was
used to monitor the optical signals and the experimental data sent by the serial interface was

processed in computer.
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Fig. 2 A Schematic structure of a laboratory set-up for testing the fiber-optic temperature sensor.
The experiments can be divided into three stages. Firstly, the Ge/P co-doped fiber before
irradiation was tested for two temperature cycles to observe the temperature behavior of the fiber loss.
Fig.3 gives the normalized attenuation of Ge/P co-doped fiber before irradiation. The dash line is the
real-time temperature in the temperature controlled chamber measured by DS18b20. It can be seen
from the loss curve that the attenuation before irradiation is slightly fluctuant with temperature
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varying. And the temperature dependence of the unirradiated optical fiber is not obvious and stable.
In the two temperature cycles, the maximum variation is about 0.56dB/km.
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Fig. 3 Normalized attenuation by the attenuation measured at 20°C before irradiation

Secondly, the optical fiber was exposed to irradiation at a dose rate of about 25Gy/min up to a total
dose of 10,000 Gy. The “®Co gamma radiation source was used at room temperature. After irradiation,
the fiber was initially annealed at room temperature for two weeks, and then at 70°C to accelerate the
annealing process until the variation of attenuation could be neglected at 60°C. Thus the majority of
unstable color center defects below 60°C were annealed and conversed. However, the temperature
inside the temperature controlled chamber is slightly fluctuant, which can result in variation of the
fiber attenuation. Fig.4 gives the result of annealing which indicates that the maximum attenuation
variation at 60°C of the irradiated fiber is 0.003dB during last 6 hours of the annealing process. Fig.4
illustrates that most of the unstable color centers formerly existing in the irradiated fiber have been
annealed or transformed into other kinds of stable ones after sufficient annealing.
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Fig. 4 The relative attenuation of fiber at 60°C

Fig. 5 gives the experiment data normalized by the value of attenuation at 20°C. As illustrated in
Fig.4, before irradiation, the attenuation hardly changes with the varying temperature. After
irradiation, the attenuation varies with temperature but the variation isn’t stable. The increase of the
attenuation in second temperature cycle indicates that there are unstable color centers existing in the
fiber and some of them are annealed in the first cycle. After sufficient annealing, the
radiation-induced attenuation shows monotonic temperature dependence in the range of -40~60°C.
This experimental result further confirms that the Ge/P co-doped fiber at 850nm can be used to
develop a novel fiber temperature sensor.
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Fig. 5 The attenuation of Ge/P co-doped fiber at 850nm measured before irradiation, after irradiation
but before thermal annealing and after sufficient thermal annealing, all data were normalized by the
attenuation value measured at 20°C.

Finally, the irradiated and sufficiently annealed fiber was used as the temperature sensing head.
The temperature behaviors of the optical fiber, including linearity, sensitivity, and repeatability, were
researched. The measurement range of fiber-optic temperature sensor was controlled continuously
from -40°C to 60°C with an interval of 10°C. Fig.6 gives the measuring result. Plotted in Fig.6 is the
normalized radiation-induced attenuation at different temperatures ranging from -40°C to 60°C. It
can be seen that the attenuation increases with the increasing temperature, and they are in a nearly
linear relation. The solid line represents linear fitting line of the experimental data. The fitting line
equation is as follows:

RIA, (T) = 6.408T —118.215 . Q)

In formula (2), RIAMT) is the value of normalized attenuation.
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Fig. 6 The normalized RIA measured at different temperatures from -40°C to 60°C and its fitting
curve.

The total attenuation variation is approximately 636.57dB/km in the entire temperature range. For
the fiber sample with a length of 18m, the loss variation during the range of temperature is
approximately 11.46dB. Thus the temperature sensibility of RIA in the testing fiber is about
0.1146dB/°C. Assuming that the minimum detection limit of the sensing system is 0.001dB, for the
irradiated fiber of 18m, the minimum temperature variation that can be sensed is 0.008°C. The
linearity of the temperature dependent RIA is obtained by the least square straight linear fitting of the
experimental data. And the nonlinearity error is +2.75% in this experiment.

In order to investigate the repeatability of temperature sensing system, the irradiated fiber is used
to repeat five temperature tests. The repeatability, namely the closeness of independent results, is
obtained in the normal and correct operation of the same method on identical test material and under
the same test conditions. The results show a rather good repeatability. The value of repeatability error
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is 1.06% 1n five temperature experiments. The experimental results indicate that it is feasible for the
temperature sensing using the RIA at 850nm of irradiated Ge/P co-doped fiber with 10,000 Gy after
annealed sufficiently.

Summary

A novel temperature sensor based on the temperature dependent RIA of Ge/P co-doped optical
fiber was proposed in the paper. The sensing principle could be explained by the the temperature
dependence of color center absorption according to the configurational coordinate model. A series of
experiments were carried out. When the dynamic range of the temperature sensor is -40°C to 60°C,
the attenuation variation (636.57dB/km) of irradiated fiber with a total dose of 10,000 Gy in entire
temperature range was greater than that of the pristine fiber (0.56dB/km). The developed temperature
sensing system with 18m irradiated fiber possessed an average value sensibility of 0.1146dB/°C. The
nonlinearity error was +2.75%, and the repeatability error was 1.06%. Compared with other fiber
optic temperature sensors, the sensor proposed here showed an extremely simple structure with
intensity modulation and simple manufacture. Low-cost and distributed temperature sensors can be
made by changing its structure.

References

[11 E. Li, X. Wang, C. Zhang, Fiber-optic temperature sensor based on interference of selective
higher-order modes, Appl. Phys. Lett. 89 (2006) 091119-091119-3.

[2] C. Crunelle, C. Caucheteur, M. Wuilpart, et al., Quasi-distributed temperature sensor combining
Fibre Bragg Gratings and temporal reflectometry technique interrogation, Opt. Laser. Eng. 47
(2009) 412-418.

[3] H.J. Yoon, M.J. Park, J.S. Kim, et al., Design of railway journal box embedded with FBG sensor
to monitor temperature and acoustic emission signal, Adv. Mater. Res. 566 (2012) 480-483.

[4] T. Zhu, T. Ke, Y. Rao, et al., Fabry—Perot optical fiber tip sensor for high temperature
measurement, Opt. Commun. 283 (2010) 3683-3685.

[5] S.Z. Yan, L.S. Chyan, Performance enhancement of BOTDR fiber optic sensor for oil and gas
pipeline monitoring, Opt. Fiber. Technol. 16 (2010) 100-109.

[6] A.R.Bahrampour, A. Moosavi, M.J. Bahrampour, et al., Spatial resolution enhancement in fiber
Raman distributed temperature sensor by employing forward deconvolution algorithm, Opt.
Fiber. Technol. 17 (2011) 128-134.

[7] F.Berghmans, B. Brichard, A.F. Fernandez, et al., An introduction to radiation effects on optical
components and fiber optic sensors, Optical waveguide sensing and imaging. Springer
Netherlands, 2008, pp.127-165.

[8] D.L. Griscom, Trapped-electron centers in pure and doped glassy silica: A review and synthesis,
J. Non-Cryst. Solids, 357 (2011) 1945-1962.

[9] S. Girard, J. Keurinck, Y. Ouerdane, et al., y-rays and pulsed X-ray radiation responses of
germanosilicate single-mode optical fibers: influence of cladding codopants, J. Lightwave
Technol. 22 (2004) 1915-1922.

[10]E. Regnier, I. Flammer, S. Girard, et al., Low-dose radiation-induced attenuation at infrared
wavelengths for P-doped, Ge-doped and pure silica-core optical fibres, IEEE. T. Nucl. Sci. 54
(2007) 1115-1119.

[11]P. Borgermans, B. Brichard, Kinetic models and spectral dependencies of the radiation-induced
attenuation in pure silica fibers, IEEE. T. Nucl. Sci. 49 (2002) 1439-1445.

[12]Y. Morita, W. Kawakami, Dose rate effect on radiation induced attenuation of pure silica core
optical fibres, IEEE. T. Nucl. Sci. 36 (1989) 584-590.

[13]D.L. Griscom, M. Mizuguchi, Determination of the visible range optical absorption spectrum of
peroxy radicals in gamma-irradiated fused silica, J. Non-Cryst. Solids, 239 (1998) 66-77.

440



[14]R.H. West, Predicting the radiation induced loss in Ge doped optical fibres at different
temperatures, Proceeding of the Fifth European Conference on Radiation and Its Effects on
Components and Systems, 1999, pp.483-490.

[15]D.L. Griscom, E.J. Friebele, K.J. Long, et al., Fundamental defect centers in glass: Electron spin
resonance and optical absorption studies of irradiated phosphorus - doped silica glass and
optical fibers, J. Appl. Phys. 54 (1983) 3743-3762.

[16]M.C. Paul, D. Bohra, A. Dhar, et al., Radiation response behavior of high phosphorous doped
step-index multimode optical fibers under low dose gamma irradiation, J. Non-Cryst. Solids, 355
(2009) 1496-1507.

[17]V.B. Neustruev, Colour centres in germanosilicate glass and optical fibres, J. Phys.: Condens
Matter, 6 (1994) 6901.

[18]S. Girard, A. Boukenter, Y. Ouerdane, et al., Properties of phosphorus-related defects induced by
y-rays and pulsed X-ray irradiation in germanosilicate optical fibers, J. Non-Cryst. Solids, 322
(2003) 78-83.

[19]J. Song, J. Guo, X. Wang, et al., Temperature dependence of radiation-induced attenuation of
optical fibers, Chin. Opt. Lett. 10 (2012) 110604-110604.

[20]J. Jin, J. Liu, X. Wang, et al., Effect of color center absorption on temperature dependence of
radiation-induced attenuation in optical fibers at near infrared wavelengths, J. Lightwave
Technol. 31 (2013) 839-845.

[21]J. Jin, R. Xu, J. Liu, et al., Experimental investigation of the factors influencing temperature
dependence of radiation-induced attenuation in optical fiber, Opt. Fiber. Technol. 20 (2014)
110-115.

[22]B. Henderson, G.F. Imbusch, Optical spectroscopy of inorganic solids, Clarendon Press, Walton
Street, Oxford OX 2 6 DP, UK, 1989, pp.183-257.

[23]J. Solé¢, L. Bausa, D. Jaque, An introduction to the optical spectroscopy of inorganic solids, John
Wiley & Sons, 2005, ch. 5.

[24]R.C. Fang, Solid state spectroscopy, Press of China University of Science and Technology, Hefei,
China, 2001, pp.125-163.

[25]S. Girard, Y. Ouerdane, G. Origlio, et al., Radiation effects on silica-based preforms and optical
fibers—I: Experimental study with canonical samples, IEEE. T. Nucl. Sci. 55 (2008) 3473-3482.

[26]L. Skuja, Optically active oxygen-deficiency-related centers in amorphous silicon dioxide, J.
Non-Cryst. Solids, 239 (1998) 16-48.

441





